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ABSTRACT

An increase in the frequency and magnitude of debris flow events due to climate change is likely. Thus, technical protection measures

may no longer be sufficient, early warning systems can be a cost-effective alternative or supplement to existing structures. The presented
approach INADEF can refine general, regional weather warnings into specific warnings for debris flow events at the catchment level. The
approach relies on rainfall forecasts, followed by a precipitation-runoff model and a mudflow model. The evaluation in five test areas across
Italy and Austria showed promising results as well as requirements and limitations. Nevertheless, there remains a gap that needs to be

bridged between the prototype stage and its practical use as a tool.

INTRODUCTION

IPCC stated 2022: “We have to expect more frequent and intense extreme events, which go beyond those caused by natural climate varia-
bility”. Subjective perceptions based on ongoing reports of flood disasters, such as those from IFCR in 2023, underline this, as does most of
the current scientific work. Koltarski et al. 2022 found that heavy precipitation events will likely occur more frequently in the Alpine region
during summers under future climatic conditions. In-depth analysis on changes in extreme precipitation indicated significant increases com-
ing along with distinct reductions in the return periods of heavy events across the entire Alpine region (Rajczak and Schir 2017). Hossein-
zadehtalaei et al. (2020) stated rising intensities with increasing frequency. They anticipate an increase of approximately 25% for 100-year
short-duration rainfall events (RCP 8.5 scenario, 2071-2100).

Consequently, many technical protective measures based on design events are likely to become inadequate. Expanding flow profiles or
retention areas is often impractical from both an economic and technical perspective. Consequently, cost-effective temporary protective
measures can be an alternative (Sittele et al. 2015). However, reliable and timely warnings are necessary for their effectiveness. Thus, a
collaborative effort involving UNIUD, ARPAV, UNIPD, BFW and ZAMG has yielded a prototype of an early warning system (Innovative
Nowcasting-based Early Warning System for Debris Flow Events - INADEF) within INTERREG ITAT3035, spanning from 2019 to 2022 with

support from the WLV-section of the Tyrol. The approach relies on rainfall forecasts and a subsequent model chain.

METHODS

INADEF is based on the combination of existing independent models that are adapted and linked on a web GIS platform (Fig. 1), whereby
the modular design allows the replacement of individual model components with moderate effort.

The spatial and temporal forecasting of precipitation distribution is provided by the external, short-term forecast system INCA (ZAMG 2021).
The new Python version of the well-established precipitation-runoff model ZEMOKOST developed at BFW (Kohl et al. 2014), delivers runoff
hydrographs within seconds. These hydrographs serve as input parameters for a two-part numerical model, developed by Gregoretti et al.
(2016, 2019). This model decides about the initiation of debris flows, based on channel parameters and material properties. Subsequently, it

provides information on peak flows and volumes. Detailed descriptions of the model components can be found in Hagen & Lechner 2021.
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Figure 1: Scheme of the early warning system prototype developed within INADEF, in blue the model concerned, in yellow/red the model output.
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In real-time operation, the approach provides information on whether a debris flow is likely or not in less than a minute after receiving
nowcast precipitation data. If a debris flow is anticipated, the debris flow hydrograph is calculated and notifications, such as e-mails, can
be sent to stakeholders.

In order to reduce uncertainties in precipitation intensities, several methods of area precipitation assessment were tested: maximum value,
average value and 90th percentile from all grid cells (1km?) assigned to the watershed (Fig. 2). The model validation was performed via

registered and/or documented events.

Figure 2: Calculation of the catchment precipitation, grid size (1km?); light yellow: low, dark red: high precipitation intensities; calculation of precipitation from left to right: mask without
buffer (m0), 1 km buffer (m1) and 2 km buffer (m2)

RESULTS AND DISCUSSION

For the calibration and evaluation, data from five test sites in Italy, (Rio Moscardo - Friuli, Rovina di Cancia — Belluno, Rio Rudan - Belluno)
and Austria, (Bettelwurfmure — Halltal, Grobentalbach — Stubaital) from the period 2010 to 2020 were used. It should be noted that the
documentation was of variable quality (Hagen & Lechner 2022). As the precipitation forecasts were not saved by the ZAMG/GeoShere Aus-
tria, INCA post-analyses had to be created for the precipitation events. It can be assumed that these post-analyses tend to better represent
precipitation events than "real forecasts", which may have an impact on the evaluation results.

The evaluation was conducted by individual event analysis and statistical methods. The Cohen's Kappa method according to Landis and
Koch, 1977, was used to filter out randomly correct predictions and thereby assess forecast quality. The results indicate significant differences

in forecast quality between the regions. On the other hand, the choice of precipitation scenario has often only a moderate impact (Tab. 1).
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m0_max 0,399 0,221 0,333 0,599 0,600
mO_mean 0,132 0,299 0,461 0,587 0,500
mO_percentile 0332 | 0,239 0,333 0,599 0,600
ml_max 0,415 [ 0,186 0,249 0,608 0,714
ml_mean -0,001 [ 0,315 0,461 0,499 0,500
m1_percentile 0298 | 0213 0,333 0,570 0,600
m2_max 0,478 0,170 0,186 0,608 0,705
m2_mean -0,001 0,332 0,499 0,533 0,500
m2_percentile 0,284 0,192 0,299 0,570 0,727
average 0,260 0,241 0,350 0,575 0,605
max 0478 | 0,332 0,499 0608 | 0,727

Table 1: Cohen's Kappa for all scenarios and test sites (<=0 no agreement, >0.81-1 perfect), quality of event forecasts, best values highlighted in green

The highest Kappa values (substantial) were achieved in Grobentalbach and Rovina di Cancia. At the Bettelwurfmure test site, smaller pre-
dicted events may have occurred but were not documented. In the catchment of Rio Rudan, also mudflows induced by landslides occurred,
which the approach cannot predict.

Additional single event analyses revealed that in cases of correct predicted events, the temporal fit in most of the test sites was good, whereas
the estimation of volumes was unsatisfactory.

The final version of the prototype operated continuously throughout 2022 in real-time following the conclusion of the project. Due to IT
alterations, it was impossible to continue without additional funding. Within this time span an event in Rio Rudan was predicted correctly,
while a small event in Rovin di Cancia was missed. Several warnings were issued in all catchments without corresponding events, indicating
that the INCA post-event analyses showed lower precipitation values than the forecasts. The option of the m2 precipitation scenario, which

showed the best fit on the base of the post-event analysis, resulted in fairly frequent false alerts.
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CONCLUSIONS

The INADEF-prototype offers an early warning system to refine general and regional weather forecasts to specific warnings for debris flow

events at a catchment level. However, an extended testing phase is required to evolve it from a promising prototype into a practical tool.

The main advantage of early warning systems is their cost-effectiveness compared to technical measures. Moreover, they can easily adapt to

changes, can support emergency forces during events and have minimal impact on the landscape. These systems are particularly useful in

situations where the cost-benefit ratio of technical measures is low, and/or the implementation of technical measures is difficult, as in areas

with insufficient channel cross-sections in densely built-up settlements.

However, the approach comes with specific requirements and limitations:

e Debris flow events must be triggered by high channel runoff; events caused by landslides, snowmelt, etc., cannot be identified.

e High-quality precipitation forecasts must be consistently available just in real-time.

e Acceptance of these systems (as they offer no direct protection in the sense of technical measures, and false alarms are possible) must
be present.

e A 24/7 standby service, as well as alert plans, are necessary.

One must be aware, that at least the first few years of operation will require on-site adjustments. For this purpose, it is necessary to calibrate

the system using improved event documentation, e.g. via (low cost) optical monitoring. Additionally, developers support is advised to make

the most of improvement potential. The implementation of this system in various areas will aid in reducing costs per catchment.
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